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Picosecond Optoelectronic Transceivers ( e £€ -- .

Alfred P. DeFonzo, Charles R. Lutz and Madhuri Jarwala '

Department of Electrical and Computer Engineering
The University of Massachusetts, Amherst, MA 01003 u.

1. Abstract

Picosecond photoconductivity is used to generate and sense transient
millimeter wave radiation from monolithic broadband tapered slotline
antennas integrated on ion damaged silicon on sapphire substrates. The
far field is observed to consist of a traveling wave component and a
standing wave component. The time dependent electromagnetic impulse
response of these optoelectronic transceivers is also modeled.

2. Introduction

Recent studies have demonstrated that picosecond photoconductivity can
be used to generate electromagnetic transients of picosecond duration
[1]. The use of photoconductivity to generate millimeter wave radiation
is a relatively new concept in picosecond electronics. It has many
practical and spectroscopic applications, including developing a new
class of devices capable of generating, controlling, and detecting
millimeter waves. Investigations of such transients from discontinu-
ities In microstrip lines [2] deposited on semiconductor substrates
indicate the potential for producing intense coherent pulses with
durations less than one picosecond, however, the structures used in
these previous experiments were not optimized for efficient radiation of
the resulting transient. To provide some control of the spatial and
temporal di3tributions of the photoconductively generated radiation,
more sophisticated antenna elements must be employed.

We present the results of a study of the picosecond Impulse response
of photoconductively driven integrated microelectronic transmitter and
receiver antennas fabricated on a common semiconductor substrate. In
addition further experiments were conducted in which an intervening air
gap separated the transmitting and receiving antennas. The advantages
of this method can be summarized as follows: Unlike the transmission
line gaps of the past [1,3], our antennas are designed for radiation of
picosecond transients. We have incorporated a pump/probe sampling
technique in the design of the experiment, hence our measurements will
be more accurate and we expect to observe high frequency components.
The photoconducting gap driving the antenna is an Integral part of the
antenna structure and there is no aperture between transmitter and
receiver. Thus, these structures ara comolpt ly planar and can be
easily fabricated on semiconductor substrates using conventional

photolithographic techniques. Also. the antennas are small in size and
are consequently compatible with other integrated millimeter wave
circuits.



3. Experimental Design

The principle of our experiments is Illustrated in Fig. 1. Identical
transmitting and receiving antennas are fabricated on silicon on
sapphire (SOS) substrates. The dimensions of the antenna were obtained
by scaling down the design of the Vivaldi aerial first proposed by
Gibson C4]. The length 1, height h, and aperture sizes a and a2 were
as follows: I- 2.96mm, h-3.8mm, a -25um, a,.1.9mm. The distance between
generator and detector was 9mm and the sep~raltion between tratlsmitting
and receiving antennas when fabricated on 'the same substrate was 3mm.
Two antenna shapes were investigated. One was an Exponentially Tapered
Slot Antenna, ETSA. The other was a Linearly Tapered Slot Antenna, LTSA.

) <Fig. 1. Schematic of experimental
"/ configuration matched' (') - optoelectronit: antenna pairs.

Dotted line indicates Ex-
ponentially Tapered Slot An-
tenna (ETSA). Solid line in-
dicates Linearly Tapered Slot
Antenna ( LTSA).

SOS
Substrate

The duration of the photoconductive transients is controlled by
bombarding the silicon epilayer with energetic ions. In our experiments
we hombajed the silicon with 10OKev and 200Kev 0+ ions to a dosage of
10 cm . The antennas were fabricated on the radiatioh damaged
substrates from aluminum films using standard photolithographic
techniques. The photoconductive generator for the transmittifg antenna
is comprised of a short segment of slot line. This slot is O'C biased
and discharged photoconductively by illuminating the ga;p with a
picosecond optical pulse. The discharge current pulse propagates into
the antenna region where it dissipates radiatively. The radiated field
which is emitted along the endfire direction of the antenna ptfropagates
to the opposing antenna. The received field results in trar'ient bias
voltage across the receiver slot line at a time equal to the propagation
delay. This voltage is sampled photoconductively by illumitiating the
semiconductor material within the slot line with a second Fricosecond
optical pulse derived from the same source as the exciting pulse and
delayed by a variable time T. The time dependence of the received
signal is obtained by varying the time delay over the duration of the
received transient.

4. r, esultb. Transceivers on Common Substrate

In Fig. 2 we show a trace of the correlation for the 8TSA pair.
Superimposed is a direct correlation of the photoconductivt transient
measured on the same material using a conventional microstrip
correlator [5]. The data clearly demonstrates that the signal received
is the time derivative of the photoconducting driving pulse. Earlier
work at much longer time scales [6] indicates that the ETSA takes the
time derivative of the generator signal on transmission.



Fig. 2. Correlation trace of ETSA
pairs on common subtrate

" showing isolated traveling
wave component. Dotted

-"4 tine is the independently mea--I sured photoconductive pulse
correlation.

5. Transceiver Pairs Separated by Air Gap

The measured correlation traces shown in Figs. 3(a) and 3(b) are the
results obtained when the transmitting and receiving antennas were on
different substrates separated by air gaps of approximately 1cm and
0.7cm respectively. Figure 3(a) is the signal obtained for the LTSA and
Fig.3(b) is the result for an ETSA. The dashed curve in each figure
corresponds to the correlation of the photoconductive driving pulse.

The results for the air spaced ETSA and LTSA are clearly different
from those obtained for the same antennas fabricated on a common
substrate. Each correlation trace indicates the presence of a fast
transient followed by a decaying oscillation of much lower frequency.
When the antennas are on the same substrate the oscillatory component is
largely suppressed due to the guiding effects of the closely spaced ends
of the antenna structure. The data can be accurately predicted using a
model response function derived from antenna theory C7].

- 1

Fig. 3. Correlation traces with antennas on seperate substrates (a) LTSA (b) ETSA

6. Modeling of Transient Behavior

A model based on concepts found in the antenna literature has been
developed which accurately predicts the picosecond photoconductive
response of these structures. Two Jistinct radiation mechanisms operate
in these devices - a travelling wave mechanism which produces the
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initii. transient and a standing wave mechanism which is associated with
the 1cnger time oscillatory radiation. The total measured response is
the sum of the traveling wave response and the standing wave response
delayed by the difference in propagation times in the antenna. The
calculated response based on this model is shown in Fig. 4. Recent
experiments have measured responses In which thesingle transient has
been isolated from the standing wave component and is in fact the only
signal radiated [8].
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Fig. 4. Calculated response based on theoretical model for (a) LTSA (b) ETSA

7. Conclusions

We have shown that a new class of picosecond optoelectronic devices,
fabricated using planar antenna technology, can be used to generate and
sense millimeter have radiation. Our results indicate that these
structures can be readily scaled dnwn to the dimensions required for
operation with femtosecond transients. In addition, a time domain model
of the broadside transient radiation from these antennas has been
proposed. The development of these devices will provide insights into a
variety of transient electromagnetic problems of practical and
fundamental interest. This work was directly supported by the Air Force
Office of Scientific Research, (Grant AFOSR-84-0377). Additional
support for our general efforts were provided by the National Science
Foundation (Grant# NSFECS-8404495).
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Abstract: Broadband tapered slot antennas monolithically integrated on ion damaged

silicon on sapphire substrates, are driven by picosecond photoconductivity to generate and

detect millimeter waves. The time dependent electromagnetic impulse response of these

tranceivers is modeled by relating the antenna structure and the shape of the exciting

pulse. The far field response is observed to consist of a traveling wave component and a

standing wave component, which is also predicted by the model.



1 Introductlon

Picosecond photoconductive transients have recently been used to generate picosecond

electromagnetic transient radiation (I1. Recent studies of such trarsients from discontinu-

ities in microstrip lines [21 deposited on semiconductor subtrates indicate the potential for

generating intense coherent pulses with durations less than one picosecond for practical

and spectroscopic applications. Here, we demonstrate the concept of a new class of picosec-

ond optoelectronics. We present the results of a study of the picosecond impulse response

of photoconductively driven integrated microelectronic transmitter and receiver antennas.

We also show how picosecond techniques improve our understanding of the behavior of

linear antennas.

The principle of our experiments is illustrated in Figure 1. Identical transmitting and

receiving antennas are fabricated on silicon on sapphire substrates. The photoconductive

generator for the transmitting antenna is comprised of a short segment of aluminum slot

line deposited over an ion implanted layer of silicon. The slot is dc biased and discharged

photoconductively by illuminating the gap with a picosecond optical pulse. The discharge

current pulse propagates into the antenna region where it dissipates radiatively. The

radiated field which is emmitted along the endfire direction of the antenna propagates to the

opposing antenna. The received field results in a transient bias voltage across the receiver

slot at a time equal to the propagation delay. This voltage is sampled photoconductively

by illuminating the semiconductor material within the slot with a picosecond optical pulse

derived from the same source as the exciting pulse and delayed by a variable time r. The

time dependence of the received signal is obtained by varying the time delay over -he

duration of the received transient.

2



2 Experiment

The duration of the photoconductive transients is controlled by bombarding the silicon

epilayer with energetic ions. In our experiments we bombarded the silicon with lOOkev and

200kev 0+ ions to a dosage of 101 5 cm - 2. The antennas were fabricated on the radiation

damaged substrates from aluminum films using standard photolithographic techniques.

Two antenna shapes were investigated. One was an exponentially tapered slot antenna,

ETSA, [3]. The other wab a linearly tapered slot antenna, LTSA [3]. The overall length

of the antennas was 2.9mm, the width at the aperture was 1.9mm and the slot width was

30 microns.

The optical pulses were obtained from a modelocked dye laser in the standard three

mirror configuration. Modelocking was achieved by synchronously pumping an R6G dye

jet with the frequency doubled output of an actively modelocked Nd:YAG laser operating

at 1.06microns.The standard autocorrelation SHG measurement technique '4] was used to

determine the pulse width of the modelocked dye laser pulses. The minimum pulse width

was measured to be less than 2ps and could be lengthened to 6ps by adjusting the cavity

parameters. The pulses were split using a variable delay line in the standard pump probe

configuration. The pump pulse was focussed into the transmitter slot and the delayed

probe pulse was focussed into the receiver slot. The transmitter slot was dc biased in the

10 to 40 volt range. The time sampled receiver signal was passed through a low frequency

amplifier and plotted as a function of time delay between the pump and probe pulse on

an z - y plotter.

The measured correlation traces are show in Figure 2. Figures 2 (a) and (b) show the

results obtained when the transmitting and receiving antennas were on different substrates

separated by air gaps of approximately 1cm and 0.7cm respectively. Figure 2 (a) is the

3



result obtained for LTSA. Figure 2 (b) is the result obtained for an ETSA. Figure 2 (c)

shows the result obtained for an ETSA transmitter receiver pair fabricated on common

substrate with a separation distance of 3mm. The dashed curve in each figure is the corre-

lation trace independently obtained from a photoconductive cross correlator configuration

commonly used to determine the duration of photoconductive transients 15].

The results for the air spaced ETSA and LTSA are similar. Each correlation trace

indicates the presence of a fast transient followed by a decaying oscillation. When the

antennas are on the same substrate the oscillatory component is largely suppressed. Direct

comparison of the photoconductive correlation with the antenna correlation indicates that

initial transient is the derivative of the photoconductive transient.

3 Theoretical Discussion

We analyze the data in terms of a time domain model of transient radiation from

antennas. The model is based on concepts found in the antenna literature [6,7,8]. Our

objective is to relate the main domain related features in the data to the structure of the

antenna and the shape of the drive pulse. Only the main elements of the model will be

presented here. The details will be published elsewhere.

We begin by assuming there are two distinct radiation mechanisms [6]-a traveling wave

mechanism for the initial transient and a standing wave mechanism for the longer time

oscillatory radiation. We analyze that the radiation received in the far field results from

the transient and oscillatory photo induced currents in the antenna. A geometric construct

is used to simplify the analysis as show in Figure 3 (a). First we consider the traveling wave

radiation in the ideal dispersionless case for a step excitation. The excitation propagating

from the source radiates continuously as q result of the accelerat;-,; charge at the step

[8]. The sign of the radiation reverses at time t A ' due to reflection from the end of theC

4



antenna. For an observer in the far field along the endfire direction, 9 = 90', the retarded

field will have the form shown in Figure 3 (b). The response function for a square pulse is

obtained by superimposing the step response with its inverse delayed by the pulse duration

as shown in Figure 3 (c). If L/c(1 - coso) << rp pulse width, we may approximate the

response function with delta functions as shown in Figure 3 (d). Convolving the response

function with small reflection with a gaussian pulse yields 3 (e) which conforms with the

analytical and numerical (moment method) results obtaized for a "reflectionless" linear

antenna.

The standing wave contribution results from the acceleration of charge due to reflection

at the edge of the antenna. The broadside response function for an ideal dispersionless

lossless delta function excitation is shown in Figure 4 (a). Reflection losses may be modeled

with a reflection coefficient as shown is Figure 4 (b). Thus the total despersionless response

function has the form:

n-=2

f(t) = A E (-1)" 6 (t - nTi) - traveling wave eqn 1
0

n

f(t) = A - 61 r 2 - nT) - standing wave .on 2
0

Where:

T, = rp = width of photoconductive pulse

T 2 = 2L
Ceff

2L = length of antenna

Ceff = effective velocity of light in material

The measured far field traveling wave response is predicted by twice convolving the

response function of equation 1 with a gaussian fucntions representing the photoconductVe

5



pulse shape. Similarly, the measured far field standing wave response is predicted by twice

convolving equation 2 with the same photoconductive pulse. The total measured response

is the sum of the traveling wave response and the standing wave response delayed by the

difference in propagation times in the antenna. The calculated response based on the above

model is shown in Figure 5 (a), 5 (b), and Figure 5 (c). The model yields excellent overall

agreement with the data.

Reexaming the data in the light of the model, one obvious difference between the

LTSA and ETSA responses becomes apparent; the double hump in the initial portion of

the LTSA response. Our model indicates that the underlying origin of this feature is that

the delay between the traveling wave response and standing wave response in LTSA is

greater than the corresponding delay in the ETSA. This suggests that the traveling wave

in the LTSA experiences greater wave guiding despersions and, hence, travels at a slower

velocity.

4 Concuslons

We have demonstrated the concept of planar optoelectronic picosecond tranceivers

comprised of photoconductively driven tapered slot antennas. The far field transmitter

response is composed of two distinct components: a traveling wave component and a

standing wave component. The response can be accurately modeled in the time domain

using simple geometric constructs. The resulting response functions may be used to predict

the response to an arbitrary excitation waveform. Such antennas provide a unique oppor-

tunity for studying a variety of electromagnetic transient scattering problems as well as

an entirely new method for characterizing antennas and guiding structures in the ultrafast

time domain.

The authors gratefully acknowledge stimulating discussions with D. Schaubert, D.
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6 Figure Captions

Figure 1. Schematic of experimental configuration using matched optoelectronic antenna pairs.

Dotted line indicates Exponentially Tapered Slot Antenna (ETSA). Solid line indicates

Linearly Tapered Slot Antenna (LTSA). The pump pulse excites the transmitter at

time t and the probe pulse samples the receiver at t + r.

Figure 2. (a) Correlation trace of LTSA with the transmitter and receiver on separate sub-

strates. (b) Correlation trace of the ETSA with transmitter and receiver on separate

substrates. (c) Correlation trace of ETSA with transmitter and receiver on a common

substrate showing the isolated traveling wave component. The dotted line in (a), (b),

and (c) is the autocorrelation trace of the independently measured photoconductive

transient response.

Fig- *e 3. Traveling wave response function analysis.

Figure 4. Standing wave response function (a) for losaless case (b) with reflection coefficient r

used to model losses.

Figure 5. Calculated response based on the theoretical model for (a) LTSA (b) ETSA (c) Trav-

eling wave component.
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Radiation From Optoelectronic Antennas

Alfred P. De Fonzo, Madhuri Jarwala and Charles Lutz

Department of Electrical and Computer Engineering

University of Massachusetts, Amherst MA 01003

413-545-2374

Abstract:A model is presented that accurately predicts

the time dependence of the electromagnetic impulse response of

integrated optoelectronic linear antennas driven by picosecond

photoconductivity.
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Picosecond and subpicosecond photoconductivity is

increasingly being used to generate short burst of

electromagnetic radiation. In the most recently reported

experiments , radiation was both transmitted and received

photoconductively using well defined linear antennas [1,2].

Typical waveforms measured in the far and near fields are shown

in Figure 1. Also shown is the independently measured

autocorrelation trace for the photoconductive transient driving

the transmitter. The antenna structure that generated the

waveform in figure 1 is shown in figure 2. To predict the

response of the antenna to picosecond photoconductive pulses we

replace the tapered slot line antenna with a "bent" linear wire

antenna as shown. The impulse response function is obtained by

considering the radiation due to a square pulse which propagates

from the generator to the wire ends and back again. There are

two principle sources of radiation. The first source is the

acceleration of charge at the front and back end of the

propagating current puls. Fron dircct analysis in the time

domain, the far field traveling wave response function for this

source is found to be

2 T) 2 1 F+r [ +_ 4 nT]f( T )=A(n) I(-1) n exp 2X l+erf +
N=O j 1
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The second source is the acceleration of charge resulting from

the reflection of the driving pulse from the antenna ends. The

far field standing wave response for a square current pulse is

then:

f( 7) = C I(-I) V(lr2 ) expn~o 2- 2 €

X l+erf T + 2 ]

Where T=delay time, T = p= width of the photoconductive

pulse assuming a gaussian shape, T2_= the transit time of the

pulse from the generator to the end of the antenna.

The transmitted response to a given pulse excitation is obtained

by convolution with the gaussian photoconductive pulse. Twice

convolving obtains the receiver response. The calculated results
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for a linear tapered slot antenna excited by a gaussian pulse are

shown in figure 3. Comparison with figure 1 demonstrates the

excellent agreement between experiment and the model. Given the

overall dimensions of an antenna and the shape of the driving

pulse , the model can accurately predict the broadside waveform

of both the transmitted and received signals. The model is being

extended to non-broadside geometries. In conclusion , we have

developed a model of the transient response of monolithic slot

line antennas driven by picosecond photoconductive transients.

Such models will be useful in the development of devices

suitable for the optical generation , control and sensing of

millimeter and submillimeter waves.
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FIGURE CAPTIONS

Figure 1. (a) correlation trace of LTSA with transmitter and

receiver on different substrates separated by a gap. Dotted line

-photoconductive autocorrelation trace. (b) correlation trace of

ETSA showing travelling wave component.

Figure 2. (a) Linearly tapered slot antenna showing contructions

for determining impulse response function. (b) Travelling wave

response function. (c) Standing wave response function.

Figure 3. Calculated response for LTSA with gaussian input pulse

based on the theoretical model desribed in text.
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Generation and Sensing of Millimeter Waves with Ultrafast

Optoelectronic Integrated Antenna Elements

Alfred P. De Fonzo, Madhuri Jarwala and Charles Lutz

Department of Electrical and Computer Engineering

University of Massachusetts, Amherst MA 01003

413-545-2374

ABSTRACT: The development of broadband tapered slot antennas

monolithically integrated on ion damaged silicon on sapphire

substrates that were used to transmit and receive optically

generatd centimeter/ millimeter wavelength radiation is

reported.



DeFonzo,Jarwala,Lutz---Generation and Sensing of..page 2of

Using new integrated photoconductive slot antennas, we

demonstrate for the first time the generation and sensing of both

short burst and quasi continuous radiation spanning the

millimeter wave bands. The devices efficiently generate radiation

in the far field with bias voltages in the 1 -50 volt range and

optical pulse energies in the pico and subpicojoule range. The

photoconductively sampled receiver senses the transmitted

radiation in the far field :ith excellent signal to noise ratio

using a 100 Mhz sampling rate.

Previous schemes for generating and sensing picosecond burst

of millimeter wave radiation in small scale semiconductor devices

evolved from the study of unexpected spurious radiation from

microstrips or disco ntinuity in microstrips in non planar

geometries not necessarily optimized for radiation [1,2]. The

devices presented here are based on planar integrated waveguide

and antenna technology [3]. Such waveguides afford ease in

optical coupling and have potential instantaneous electrical

banowidths from dc to greater than a

terahetz.
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Our initial work was on closely coupled transceivers on a

common substrate [4]. Here we report the results of

characterizing optoelectronic millimeter wave transceivers with

the transmitter and the receiver on different substrates

separated in space . The basic configuration of the devices is

shown in Figure 1. Each tapered slot antenna is formed from an

aluminum film deposited on a silicon on sapphire s,..astrate. The

substrate was prebombarded with 0+ ions at 100 Kev and 200Kev to

dosages of 10A15 / cmA2. Standard photolithographic techniques

'were used to etch the antenna pattern in the thermally evaporated

aluminum film. The feed end of the slot antenna was 30 microns

wide and the aperture end was 2.9 mm wide. Two forms of tapers

were investigated : an exponentially tapered slot antenna (ETSA)

as indicated by the dotted line in Figure 1 ; and, a linear

tapered slot antenna (LTSA).

The transceiver is operated by exciting the biased feed

slot of the transmitter with a short optical pulse at time t

and sampling the receiver output slot with a short optical pulse

at a delayed time t+Z . The waveform is determined over all

time by sampling over a range of r
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The sampled waveform for a LTSA transmitter and receiver spaced

1cm apart is shown in Figure 2. The data was taken with 2

picosecond optical pulses from a

modelocked dye laser. The transmitted signal is composed of an

initial fast transient followed by a quasi continuous damped

oscillation of much lower frequency. The quasi continuous

radiation can be suppressed by matching the end points of the

antenna into a slot line. The data can be accurately predicted

using a model response fuction derived from antenna theory [5 ].

The present device demonstrates the potential for optical

generation, control and sensing of millimeter waves using

technology that may be easily incorporated into existing

monolithic fabrication procedures.



DeFonzo,Jarwala,Lutz --- Generation and Sensing of..page.5of 6

RE FERENCES

1. D.H. Austin, K.P. Cheung, and P.R. Smith, Appl. Phys. Lett.,

45,p284-286, (1984)

2. J.R. Karin, P.M. Downey, and R.J. Martin, IEEE J. of

Quantm.Electrns., Qe-22, p677-681, (1986)

3. Nan-Lei Wang, and S.E. Schwarz,Int. J. of Infrared and

Millimeter Waves, Vol 3,#6 ,p771-782, (1982)

4. A.P. DeFonzo, C.Lutz, and M. Jarwala-IEEE/OSA Conference on

Picosecond Electronics,TAHOE (1987)

5. A.P. DeFonzo, M.Jarwala, and C. Lutz; Applied Physics Letters,

submitted for publication



DeFonzo,Jarwala,Lutz---Generation and Sensing of..page Cof 6

FIGURE CAPTIONS

Figure 1. Optoelectronic transmitter and receiver on individual

substrates separated in space. Solid line indicates LTSA. Dotted

line indicates ETSA (see text)

Figure 2.(a) Correlation trace of LTSA with transmitter and

reciever on separated substrates. Dotted line is the

autocorrelation trace of theindependently measured

photoconductive transient response. (b) Correlation trace of ETSA

showing the isolated travelling m
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Optoelectronic Transmission and Reception of
Ultrashort Electrical Pulses

Alfred P. DeFonzo and Charles R. Lutz

Department of Electrical and Computer Engineering
University of Massachusetts, Amherst, Ma 01003

(413) 545-2374

1. Abstract

We report on the recent advances in using integrated planar
antenna technology to photoconductively generate and detect
picosecond radiation. Detection of a single pulse of picosecond
duration has been achieved using a coplanar antenna structure
fabricated on a radiation damaged silicon-on-sapphire
substrate.



2. Introduction

Recent experiments have shown that fast optoelectronic
switches monolitically integrated with an appropriate guiding
structure can be used to generate, control, and, detect
picosecond bursts of electromagnetic radiation [1,2,3]. Potential
advantages of such devices include the ability to transmit wide
bandwidth electrical signals with limited distortion caused by
dispersion and other frequency-dependent losses, the capability
of integration with existing millimeter wave circuits, and
the ability to provide optical interfaces to these circuits. Such
devices should prove useful as samplers and electrical
interconnects in various millimeter wave applications. However,
in order to control the spatial and temporal distribution of the
radiated wavefront, it is necessary to employ more sophisticated
antenna elements than simple gap discontinuities in microstrip
transmission lines.

In our initial work[2,3], we demonstrated the concept of
using a planar antenna structure deposited on radiation damaged
sili'on-on-sapphire substrates to transmit and receive transient
radiation produced by photoconductive switches which were driven
by picosecond laser pulses. A model which predicts the
transient behavior of these antennas was also developed. Figure
1 shows the received signal obtained from this antenna structure
and the inset is a schematic diagram of the device. This
waveform consists of two components, an initial fast transient
followed by an interval of long period, decaying oscillation. In
this letter, we report on the results of experiments conducted
using an entirely new class of optoelectronic antennas. The
design was motivated by the need to develop a structure in which
the radiated electric field was a replica of the optical pulse,
free of any ringing or standing wave components[3]. The design
was based on conclusions obtained from the modeling of the
various radiation mechanisms in the recently reported structure
and represents a significant advance in picosecond electronic
technology. In addition,it is required that the device posses a
flat, wide bandwidth frequency characteristic which would
minimize any distorticn of the propagating pulse. We show, for
the first time that this can be accomplished with the use of low
dispersion coplanar slot antennas.

3. Experiment

The geometry of the experiment is illustrated in Fig. 2. An
exponentially flared coplanar transmission line, with a design
impedance of 100 ohms, is formed from aluminum, deposited on ion
bombarded silicon-on-sapphire substrates, using conventional
photolithographic techniques. The overall length of the
structure was 7.9 mm and the width of the aperture was 1.9 mm.
The photoconductive generator consists of a relatively long,
approximately 4 mm, section of transmission line. The lines are
12 um wide and separated by 25 um. This structure drives the



radiating element which is formed by flaring the remaini ng 4 mm
of transmission line. The exponential flare was of the form W =
2Aexp(px), where W is the separation distance, x is the length
parameter, and A and p are constants with values of 2.55 and
0.0263 respectively. The ratio of the separation distance, W
along the flare to the width of the transmission line, w, was
kept constant at a value of two. Sampling gaps placed along the
length of the transmission line provide a means of determining,
insitu, the shape of the actual photoconductive pulse driving the
antenna.

The transmitting antenna is dc biased and can be discharged
by photoconductively shorting the transmission line with a
picosecond optical pulse via the "sliding contact" method [4].
The current pulse is guided into the antenna region where it
radiates an electromagnetic field which is directed toward the
opposing antenna. When the field reaches the receiving antenna,
it impresses a transient bias voltage proportional to the
strength of the field, across the gap of the transmission line.
This voltage is photoconductively sampled by illuminating the
semiconductor material between the gap with a second picosecond
laser pulse derived from the same source as the pump pulse but
delayed by a variable time tau. The functional dependence of the
received signal is determined by varying the time delay over the
duration of the transient. The width of the photoconductive
pulses is controlled by bombarding the silicon epilayer with high
energy 0+ ions. Ion energies of 100 Kev and 200 Kev at dosages
of 10 15 ions cm-2 were used in our experiments.

The optical pulses were produced from a synchronously pumped
modelocked R6G dye laser pumped by a frequency doubled Nd:YAG
laser operating at 1.06 um. The dye laser pulses had measured
durations of approximately 2 ps at a wavelength of 580 nm and a
100 Mhz repetition rate. The average power was 12 mW for the
pump beam and 47 mW for the probe beam. A standard pump and
probe arrangement was used to obtain the experimental
measurements[1-4]. The time delay between the pump and probe
beams was controlled by mechanically positioning a retroreflector
with a stepping motor. The pump beam was chopped at 1.5 Khz and
a lock-in amplifier was used to detect the sampled photocurrent
from the receiving antenna. The output of the lock-in was
digitized and no signal averaging was necessary.

4. Results

Correlation measurements obtained for the field radiated by
the new structures are shown in Fig. 3(a). The two antennas were
separated by an air gap of approximately 0.7 cm and the spatial
separation of the pump and probe beams was 2.3 cm. Transmitting
and receiving antennas were identical, except the transmitter did
not have the sampling structure.

Illustrated in Fig. 3(b) is the correlation trace of the
photoconductive drive pulse. This signal was obtained by placing



the probe beam on the gap of the first sampler and the pump beam
between this point and the bonding pads. The data clearly shows
that the antenna structures do not introduce any significant
broadening of the radiated pulse, indicating that the coplanar
structure is a wide bandwidth configuration. The lack of any
reflection components in the received signal imply that this
structure has a high radiation efficiency and totally suppresses
any standing wave component[3]. The insets in Fig.3 show the
autocorrelation signal for the optical pulses. Figure 4 depicts
the same data, except in this case the pump beam was focused
between the two sampling arms as indicated in the inset. These
results imply that the sampling arrangement used in these devices
present a small impedance mismatch to the current pulse
propagating down the transmission line.

Recently reported work [5] using a similar material has
demonstrated the generation of photoconductive electrical pulses
on the order of 600 fsec. These results support our previous
conclusions and imply that our antennas can be directly used in
the femtosecond regime.

5. Conclusion

In summary, we have shown that these new structures
eliminate standing wave components in the radiated
field and are extremely broadband. Furthermore, the radiated
pulse was shown to be a replica of the optical excitation pulse
and free of any distortion other than that caused by the inherent
.dispersion of the transmission line structure. This device
exhibits electrical bandwidths in excess of 200 GHz and is one of
the largest bandwidth antennas ever reported. We anticipate that
with improved processing methods we will be able to generate and
radiate sub-picosecond transients with these devices.

The authors wish to acknowledge the generous support
provided by the Air Force Office of Scientific Research under
grant number AFOSR-84-0377.
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7. Figure Captions

Fig.l Transient response of the original antenna
configuration. The inset is a diagram of this
structure.

Fig.2 Schematic of transmitter configuration. The
receiver is identical except that no bias is
applied.

Fig.3 (a) Correlation signal of the field radiated by the
devices shown in Fig.l. The inset shows the
autocorrelation of the exciting optical pulse.

(b) Correlation signal of the photoconductive
drive pulse propagating on the coplanar
transmission line. The inset shows the
autocorrelation of the exciting optical pulse.

Fig.4 Correlation trace of the photoconductive drive pulse
when the pump is placed between the sampling arms,
as shown in the inset.
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Title and Abstract

Bistability, Self Phase Modulation and Stimulated

Raman Scattering in Single Mode Fibers

Alfred P. DeFonzo and Nell Gitkind

Department of Electrical and Computer Engineering
University of Massachusetts, Amherst 01003

ABSTRACT

Standard telecommunication single mode fibers are found to exhibit bistable behavior

when pumped by 90 psec 1.06 micron pulses with powers exceeding 150 W peak. The

bistbility is accompanied by a rapid change in the amount of self-phase modulation and

stimulated raman scattering of the pump pulse. We estimate the nonlinear index response

time r, = 1x10- 15 and the relaxation time r = 7 5ps by attributing the bistability to

transient self-focusing.



Introduction

It has been recently reported that the onset of transient Stimulated Raman Scattering

(SRS)in single mode polarization preserving fibers is accompanied by the saturation of the

output power of pump pulses launched into an optical fiber [1]. This saturation of output

pump power is of immediate practical interest in achieving maximally chirped pulse power

for subsequent pulse shaping and compression. Commercial pulse compressors achieve

high output powers with circularly polarized light. In this letter we report the results of

an investigation of self phase modulation and stimulated raman scattering using circularly

polarized light and, in particular, we report the first observation , to our knowledge, of

bistability in the output power of the pump pulses. The bistability is directly manifested in

the intensity of SRS and the magnitude of pump chirp at some critical power. This effect

is of practical interest as a limiting mechanism for pulse compression and as a mechanism

for controlling or rapidly switching relatively large amounts of laser power.

It has been found that an intensity dependent refractive index imposes a linear fre-

quency chirp on optical pulses propagating in fibers. These chirped pulses can be com-

pressed by means of a dispersive delay line implemented with a diffraction grating pair

[21. When driving the fiber at high power levels, SRS is found to limit this process by

first depleting the power in the chirped pulse and then altering the distribution of spec-

tral components [3]. Many of the experiments to date have used single mode polarization

preserving fiber. We have found that by driving standard telecommunications fiber with

circularly polarized pulses whose center wavelength is 1.06 microns we could readily ob-

serve a discontinuous reduction in the chirped pulse power output at the onset of SRS.

Here we present a detailed description of this surprising effect along with an analysis of

the possible origins. The analysis of such effects can lead to a better understanding of tWi,



nonlinear properties of fibers and interesting new applications.

Description of Experiments

Linearly polarized optical pulses from a Nd:YAG laser operated at a wavelength of

1.06 microns are converted into circularly polarized optical pulses and are coupled into a

standard telecommunications fiber. The circularly polarized output is then converted back

into linearly polar;zed !ight and passed through a Glan-Thompson prism polarizer with

an escape window. Rejected polarization components can be monitored with a slow pho-

todectector. The total transmitted pulse power is monitored by both a slow germanium

diode and further resolved in the time domain with a high speed InGaAs photodetector

(risetime= 35psec). The output pulses are then spectrally resolved with a grating spec-

trometer (ISA HR-320) and recorded with a photodiode array. The output pulses are

further spectrally resolved with a holographic grating pair in Littrow configuration and

the power at 1.06 microns monitored with a slow silicon photo diode. The spectrally and

temporally resolved pulses are displayed on a Tektronix 7904 oscilloscope outfitted with a

S-4 sampling head. Integrated intensities of the 1.06 micron pulse , and the total output

power were plotted on an XY recorder after averaging with a lock-in amplifier. The input

pulse was simultaneously monitored by the InGaAs detector. The pump pulses were 90

psec in duration [FWHM and the average power could be continuously adjusted from 0

to 8 watts without significant change in fiber coupling by means of a prism polarizer and

a rotating waveplate. Using a standard microscope objective and a mild prefocussing lens

we achieved 60% coupling into the fiber.

In general, we were able, at high input powers, to observe spectrally broadened output

pulses centered at 1.06 microns, 1.08 microns, 1.04 microns and 1.12 microns. The stokes-

antistokes pair at 1.08/1.04 microns could be selectively induced by adjusting coupling

3



This surprising effect is suppressed at maximum coupling and was thereby remcved from

the experiments. The results of an experimental analysis of stokes/ antistokes generation

is reported elsewhere [4]. At low input powers the output power was observed to be in the

commonly observed [2] form of linearly chirped pulses spectrally centered on 1.06 microns.

At high input powers two pulses were observed , one centered at 1.12 microns and another

at 1.06 microns. The 1.12 micron pulse exited in advance of the 1.06 micron pulse due to

their different group velocities in the fiber. This "walk-off" phenomenon has been reported

elsewhere [1,4,5].

The result of an examination of the output power of the 1.06 pulse as a function of

the total output power integrated over both the 1.06 pulse and the 1.12 micron pulse is

presented in Figure 1. For comparison purposes we have also plotted the general form of

the output power results reported for polarization preserving fibers (11. Note that in the

present instance the output power at 1.06 microns decreases precipitously on achieving a

total continuous output power of 1.5 watts. A slow scanning of the input power in the

vicinity of the this power can result in hysterisis loops also indicated in Figure 1.

Further examining this effect, we measured the extent of chirping about 1.06 mi-

crons,and the total output power in the SRS pulse as a function of the total output power.

This data is presented in Figure 2. Note the precipitous increase in both the extent of the

chirp and the SRS power. These results were readily observed in fibers of widely different

lengths ,(100m, 300m and 400 m) , and index profiles (Owen-Corning 1521 step index and

1524 triangular index).

i ! I ! I II I " "-"



Theoretical Discussion

A complete and quantitative description of the nonlinear pulse propagation in the

presence of SRS and self phase modulation is quite complicated and has yet to be per-

formed [5]. The bistability reported here presents an opportunity to gain insight into the

mechanisms surrounding the onset of SRS. Our present objective is to delineate a possible

mechanism for bistability and examine its feasibility. The relationship governing the power

in the SRS pulse, P, has the form:

P, (t,L) = P. (t,O) exp [G.L] (1)

The gain factor G is given by :

Go- g. . (2)
Aejj

where g0 is the peak Raman gain coefficient, A.f f is the effective area, P. is the peak

pump power, and 1. is the effective walk off length [5].

The magnitude of the chirp, A ,az, is related to the maximum optically induced rate

of change in index. If, for instance, the index change responds nearly instantaneously to

a symmetric pump pulse but decays in a time on the order of the pump pulse width, then

the maximum chirp, being derived from the turning points of the pulse, will be generated

to the longer wavelength side of the spectrum. If the induced index change exceeds the

critical value for self focusing, the beam can collapse at a point within the pump pulse

and result in an increased rate of index change and moving focii that yield a discontinuous

increase in the chirp the magnitude of which is given by [6]:

r-,



[] =-4~][~ -~]Afmaz(3)

The associated beam collapse would also result in a discontinuous increase in the SRS

intensity.

To our knowledge , transient self focusing, has yet to be reported in optical fibers.

It is not easily ruled out a priori and is intuitively appealing as working hypothesis that

marshalls the qualitative features of our data.

One may examine the feasibility of a transient self focusing mechanism by estimating

the value of the parameters governing the optically induced index change that results in

a total index change equal to or exceeding the threshold value for focii formation. The

critical power, P, for the onset of optically induced focii is estimated to be (1.22%)' (71
128 n2

where A and c are vacuum values and n 2 is the familiar nonlinear index. The critical index

change can be computed from the relation, Anc, = n2 I Ecr 12 where the critical electric

field is related to the critical power through a knowledge of the linear impedance. We

calculated Ancr = 4.37x10- 4 for a circularly polarized beam. The actual index change

induced by the optical pulse, A n, can be estimated by assuming that the net rate of change

of the index is equal to the rate of increase of the dynamic index due to optical pumping

minus the rate of decrease due to relaxation processes. To first order the phenomenological

model takes the form:

aAn_ 1An, - 1An (4)at r, r

where An. is the forcing function.

Solving for, An, yields:



An(t)

l-f t Ano(j E(t7) 12)exp{ ( t - T7) IdY7 (5)

Setting Ano(IE(7) 12) = n2IEI2 , n2 1.1xlO - ' 3 esu and using a gaussian approxi-

mation to the pump pulse with FWHM = 9 0 ps and the peak value E 2 = 4.84x10- 14 ,
V2
V; determined by the measured SRS onset power, we obtained values of r and r, for which

the maximum value of An equals the critical value. These values are plotted in Figure 3

(solid line).

To gain further insight into the dynamics of the induced index change, we plot the

index as a function of time for r, = 1.83x10- 15sec and r = 75ps, assuming the gaussian

pump pulse measured at the onset of SRS. These particular values of r and r, are within

the range of values found in literature for nonlinear indices in bulk S10 2 [8]. As shown in

Vigure 4 the index change attains a maximum value equal to An,,. at a time td after the

peak of the pump. In Figure 3 we have also plotted the values of td for the threshold pump

intensity corresponding to each pair of r and r, that yield a maximum value of An equal

to the critical value. From this plot one may estimate where self focusing begins within

the pulse.

The moving focii concept of transient self focusing [61 provides an interesting way

of viewing the onset of SRS. Self focusing is associated with a very rapid index change

that tends to precipitate strongly chirped SRS . In one extreme the focii may be quickly

dissipated by the generation of SRS or higher order mode generation, thus being incipient

or virtual. In such cases bistability may not be observed. In the other extreme the focii

may receive positive feedback through the SRS process. For example, if the SRS pulse

forms at the trailing edge of the pump pulse and propagates at a higher group vel-i1tv

7



net optical enerW will be transferred forward and will thereby advance the point of peak

optical power. The focii , which advances faster than the pump velocity begins to walk

through the pump pulse into regions of higher optical flux and is reinforced. This process

will self terminate as the SRS pulse walks off the pump pulse. This purely travelling wave

phenomenon provides a bistability mechanism distinctly different from the standing wave

varieties found in the literature [10].

Conclusions

Optical fibers exhiL*t bistable behavior when pumped by high power pulses. The bista-

bility is allied with the onset of SRS. Discontinuous changes i7 chirp and SRS production

strongly indicate the presence of a mechanism which involves a discontinuous increase in

the index induced by large optical field intensities. Our analysis indicates that transient

self focusing is a likely mechanism. Further experimental and theoretical investigation

along these lines should provide a better understanding of chirping and SRS in optical

fibers. We intend to continue these investigations.
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Figures

Figure 1. Pump power out versus total (pump +Raman) power out in 300 meter single mode

fiber. Solid and dashed lines are our data. Dotted line shows form of data reported

for polarization preserving fiber [1].

Figure 2. Chirp of the pump pulse and the Raman power output as a function of the total power

in a 300 meter long single mode fiber

Figure 3. The two characteristic times,r and r,. for which the induced index change, An, attains

the critical value for self-focusing at an input power of 1.4 W (solid line). The dotted

line is the time delay, rd , between the pump pulse peak and the time at which the

critical index is reached.

Figure 4. Theoretically calculated non linear index change as a function of time for r = 75psec

and r,. = 1.83x10- 1 5 for Pay = 1.4 W (solid line). Also shown is the pump pulse as

a function of time, FWHM = 90psec (dotted line). Note that the index reaches a

maximum value just equal to the critical value for 5elf focusing, An = 4.37x10- 4 at a

time td = 38.6psec after the peak of the pulse.

10
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tikc pulti s pusnpa.vd byU etlI v pol r izedc lldi YAG lasser pulses3 at. I.-
-sin tpitifl, throui.1hpul: pui~rn up Lo 4 40 Wal.tyi lo~tnchad into an oratnir*-
*j, r11e4lUl~:iun flopa.d siti,411 + moiezr opti cal Iibtr O wwis Carreing 5 care

Whun iR ,F-6 peenpiu by siho-irk-M ?l~Och OUlsas in a lonQ Wnouofl fibar
ftho kiwio.An radLa t;Ion -.,tli soomrate +ram the? pump radiation due to th. ?ir
0*s-eiis * tjgr '~IL .~ i the fiber. The SKS oulses observed to date

L.:live butan down--ashifted in frvqujencfv by 4140 cm-I correvocindiu
r. ip bt oad Raman banid i n #usod rt iI ica. We #Ilso observea a oul se

corrc'gpandt ics to a stronci conversion to thi, two phonan band shttted by
48*m-I In Addition wo report the metisurement of absolute us'jmo ~~~
propmotilri delays arid how this tn~ormaltan may ba used to detoruin-z
the ., irein. ,oonq the fiber, of thot RemAn pulve.

i oxst~erice of trainsiant utk/bt-oegpairs abc't A '
itticroris in a single mode tIbepr hoovo been con lactur(Pt but tit irorti.'d
in the literature. 9talfo/nkiA-4toke@, aspnoration does not roPdi'
ocnur in bulk M12 beedu%wt Lhi plies* veloci tes do fiat satiaiv le
ph.~5e matdhinq condition% for fOUr wave iinina, Ole report here k'2
ftrst observation o# stron'i E.PS 2toivs/ariti-titoI'es conaration in Ai
repkical fibers.

BEST
.2 p~rittiri,~IAVAILABLE COPY

,2. 1 Setup
Iht* 'iwifetacast 1-10 ig se~hOMitichllv shown in *inure 1. 1+,

moglI camieonfints #ro i Ienttcal to thoso we has*@ doeribed i i
d-!#~ j~ iii ehitim i~ LIJ I* su iiiftnlrrid IIilcoIcColid Pul ses 9rom a%

tj.ee.. Wp P r t c ir r tI rI lia 4-lr i :ed -md t copi d t o am to t I eL a fi t-.
Me4uook vte-l-Jed oe voibliia .ffitifncies bwtw"~ 53 and 6,:
pvst tt thal pumo tdle ~a~t9 lema tho 4iber oefflwtis,,vi



-rr'njch iro (due to OPH~i: -.. d wrno 04 isuis's :~-~£U~ uponr ?!, I.. 't
nod.r pixsc i ~j1na a auerr wom ott wo: ~L~ d an rahi- ir the* pe&i

I ' fl i A noit oneI bermi omttq a hi #h speJed InGem~s phcod-l'u':'.'r

'4 ..ncm 1i na hi~jd '.rl (Im -n25 V icIsecsgndg and displayev.d oan
ltrnn ;O .~j1os p. Onota-er beamis di rc:ted inrto a 'Jr .tin

ri*:yo Ir.onr4:r tf%, HR.R" o''tukf ~i Ited wi th A s1iicorn ohatodl ode ;irr t

r ~w cupI. o t whic h is v iuL Lafne~uailv di vCoI ved. The~ ave'rsi tjw
"-er all1 wa v 1. 1n. Lb'h on tint LI co r tbcr is' montILar ad and' t .'rnor

p~isspdItr''~b.~ hrouqi x 'i holorphi ciCraI. Li ptin in, thLe Li ttrovw
cQ-'tauato 91 . Mi9r bnon.4r a1 a'ri.i 1s, additional~ spectrnil wnal;i4 *"'

o Into 's.. Ini'1L ori of I( :~ho pum~p otput power

Q..1 Spectral
We fa'.nd thal we' nould wele~ctivet v emc1te araoo of SR~S 1lines bv

*a.1i'A'tinac the c'iupLrt' to the fiber. Att Qptimum coupliriq we alwavs
oescir 'e'd Lhe 440) cm-I down-shl f~ Led I I rne )'Ns.1 al oriq wi th a two ohonon
liie dow.n-shtited byi WO: cmt-1 A:XsM. Figure 2Q)a shows the egcited
spec:tra ot this coun1tini condi tiona for +-atr i nput powers. The absentce
oftH 3inn~'oi order S-FS 4pcctr um fo~r 1. n 1.9 Watts is due to
loo ofA (jt tivi tv "t fho .11odE' eirrav. The evolution of the o tust

~~%m~in q '.*z chatr oin tior I. led liV the apoco-nce oif a doubi 1n hom~p t~-.r nnt
o4.' ~ t int k (ine' cwt.ersins M is has been pr evi1ouslyv ooser -. Thire ~

I :r'~ nirv.dt~ pit oci a.t ion oreqervtnu f4~ibe'rs C3,41 Noto .4 :a the
lr'~'ryr' doej dto~ S&H:F, mn4 Lhte Pump 'spec trum with incrinsiro pjcwivi

*r Id -i oark3 od A"Ymetti r Y. * h Iii h 1input ~.nowari * more stokevi line; .. '

i.JeJunvd. hawavo~.r thvi r'bIelr 'it *rt M t hose linesf beyondfl( the uvc'CCf,

rr r- als~.,~1o orchibiked~c by the responsw of our' sliIcon photocioe-

tUh'll t9 b- finer is Mrlycri-.up1 ed 'roupti.no Vivicl enclins no o-rxt'?r
Ji ir, -'. nb.n r irtartr iskokanz' pulse dowrv-sihti. ted by 11 cm i~g n
Si i' .9lI ,4OC9 coutltrpdri ':', nd jjq~2 F iurri .. b'. Oho -wi

I EhoI I I f i nt oh'ivr vtd tn this coqw.

KlqrO 19 a COlItIO0n Ot ri Ciii1CODO tri.cot which c9??-4:-..'tit
meas~urements performidc ani a '40) tmeter fibisr. The~ cu.tout o~min irwn,
o --n the riqht . As. the' I)ton powvpr it~ i creded "e notc tho rm w"-

',f t'hri first o~rder IKam.~n ouLso thi2 Ivinu thet pump9 iiuIsi.
~., '''r~her tnr-r v M poiwer zie9Ids t he tivrytion ot >,,wt Jtv,
0 t tee P prqno M5 4krmnoi Q ~~ *coniversIion, the pump~ nulI o ec'.iu it

9 ~~ci~ ~ -d *'d.2.j elis iz ii facI it n.Hr.rto.r the ~ti theii Iflut despcite to-

44 !f P olr .ol iciv-m'ociq khok ob mod .- I~.r d iqcur siiKaf In1Lart up~on1 it. 1 2I.

~~..I~ A-A. 1 r 'iP0 1l~tic om e: -al~diwd'a pt yt for~ 1 "ryj thr2llthou~ "Y-
Ii' ~ t- sI'~* ' t~oi a or st if t Itij II( ti'.pr input team was racuytad onto io ;-c

i~*9i ',',-0*f f Ip' 'f't1 ~ i- I -lilt 'P 41 1'' 'k v.ict Cii. U10 'At- t e3 i -- I

O99 f , I *rfttr ulj.1 4 ' .410d hl'Alr A' tl in'Ir t rAvIl' I 11it4 1 o.ft) 1-kl-4



III* rather large relafivej ~ru~Are due i~ smdll changes in Couplina
eF'4tcieroicv fromn rPin to run. '111 data indiacatus that greater couolir,'
rf111- Ii ' it. stePer- ii1f i hi 1ted tO lower powers,

i'Jtr-rl khocoupl inc i rJ ad jUlStod to ± ndUCfe the XI and A~ SRI*
vit' a,4 donco by IH~il ; ic.)h fiber en-d in the plan@

perptendi uL1ar f C) theC- brii -jS) thro outpitt spectr~ltio chanqes
cian)~in#I0Uouly but IS boQund bv two2 ex-treme c-ises. In one case 44e t:90
tho inneit 4:01uplitICg t.(, the /IIILI i-tOkes. line. It appears in a welt
ie~ tned "davli~nut" paItrhr-n h-:.ivtrncj an Anqul ar distribution spanrsinq

o 1I4 it r, ad (.1 ro t ! i -or i : 1- t~ I T 1bo hi s COu(Pli r prodtices thop
cur ro'~ndI iiq'k hdi 9 ti-w h avinil a coaip~r abi e strivnqth. The t.:thr

r7onid i t Io ona tflI M ' m9 53e t- U p.1 i n ci to the stcwes wavelen~gth. In s
c crid2 tion w.e se~e weak :c.ir..L lnq 1-c-) he anti-stokes wavelength. 1A4ra.e
*:Cr1V1ietCjI3 LO V" .nd more Up-shif ted radiation (havinq a central

S~~ 0rikk I i conkieiuou./i di -1:ributed between the pump wavelength arnd
ho~ an t I -oks e ie 'io oh. ih i %irav be + irther anti -Stakes creation

-diti to the broadband si-.kes radiation observed under thes@ couplina
c-orditions. FiolUre9S, "I nd :b carrespond t.o this couplinq condition,
In fiCjUre ~5 there are three disttnquishable output pulses. The
leticino pi-ilse (on rirjht) r-orrespoflds to the Nd:YAG pump pulse. The
iniddLe poulse is the SRG uu'.i'o at l.1)a microns arrivinq 1Z5 psec ahead
Q+ 1 he fpu11p pulse. [ho le~diriq pulse is Again the 440 cm-I shifted
F.-Im..Ar ol 'le at I.i nicranas and Leads Lhcz pump pulse by 45.5 pstec.
Nhi., LIFi-tlkpie mcontainn hior +retliency componento and wouLd
9-once Iitcl the PUMP I-Vt B01. Due3 to a 1o. lWIe-vCl of conversion to thi s

t ruqi~lI~vand r i na in i e trett:o the .il se is not visible.

I h cor et i :,4

[* IirnporelI D)eperidunce
nl~. ra vs 1 fi o + t he f Iem p orl A I W fI 4 due to f,1ber material

1~riiiipresented here is onsed on the analysis recently present"ICa
ir he IitLer-4tuor e 1.2)I. )tolei has; proposod- a simple intuitivie ittorOL

smor Aju'~ vo41 end It4 aelaticun to SPS qain. Basically, tn e ifw
uut-c w iLkq through" the pump Pulse dueP toe the differential in arrot'D
"I e*Ior-I t'v. Dwveloping a oenoral thforatic,'l picture of such aoenottina
13 oibviously very difftCLut Le (Ini'eIc~l ItinulatUioS which Indicater. UIC.
.cimanlemity of the procv %se' tie~vo been por~ormad -for riarticular cAaoi
(.ii. We approach thes proolom eipr~et~vby isolAtinq
qt~pikiatively difrent Wiornurnp.na and usling relatively stmoI'2
intuitivO COnceptsl t0 or'1i-nti orid cquaiit.lv the salient 4.9atsurwo 1.:f

f - It P e 10 Po axmi rif? Uien 1, 1. ituf f rAt:os oi; thm* ver i Oi ou ules. le
'hef. ijrit'tt i puLnni4 ar' 'ivil dief ied In the ttie domain,, rotte of.

t__ Ifl49'If + noa eqva% Ct t m21t ond It n Iowce at ord or thr Ouch I.-n owlIedo* Li .11f
LaiC m k n,4 4r IAI i t sv?r s i~r Ft' ilrnbfl-it Cj,1. tor tho "Icenter" t-savelqonaths n, ii

t5 R.io4,t id puml~p ()i6, c * fti L.

'If-II r, V 1, Lteg t1 Ihr lvits j h t is thet Wid 0-I iiii *



f.hf? frequency is.3arati on botsvivon Uthe punio void -Attokes Iin~"s. 1.0 vv
ma ucv dt i ro, et ter StolL-- i' 1 -1 1 , 4 wi [,-+ f Icruth , Iv) to be~ the

II f. fv-i2tit s f or -:, t nijrr vv3v01l th 1-aman pul su to pa-3 Phot.,

I cs we tirr LCIpr C~I~ciat no pl.e4inp put se of wi dt~h 1'. For a L"' psec a
~ pr I s ~nd'. t 440, Cm.-I down -shif~ted KAinari line this leroth is

0. ~e~tdrc~alcwba the Fiber iriavi be normalized by this p-Aramneter.
. Iht- duIov bti~Weetn I-he rPuMP and stakes l ines at the ftbcir asout

irtI.~ d L I~ .~d*~i I;-a+i~r "iIef the or i qi r of the SRS pulse cat. ot-,
1 rtt .'I Lb h, :idd 1,,L onal I nowi edcie of. the absolute deL av ri,'*I

IU1.) .p.' * oe cioto incnre A'C~rateI y Cal cuL t~ the point of Rion n riu±
-w i-t.11-11"t? isi -A ri of this caicuLma .tan. In our cao

lif. w1 tldtl Cyf t.111 fsb ,OIUte delay corrects the calculation by cis isucn' -f
0 fc ;,-tr of P tf in dJi Pance rain the f iber oriqin. The lonaer
!i.-ur anrd Ite hi ciiii-no the' connversjion. the mo(-re this correct ion becotes,

-A nti-Stokes qeriera~tion
WNr: Atr-ibUte I.he airsti-stokes oeneratiom to a pArametric process

1. 1 1i . rhe foi iowmflo p~tsc inatchirnq condi ti on must be satio fieds

.,rp in2

o-,r -kn Isotropic: MP.# tL~ hAvin.q normal ditap'?rsion this conditicmn A

.Jil e e t m4+i ed when 1: -ac and ks are riot cLdi r ct i ota wi th [po o'

Ill 1-vn.'c Hetice Lhe tHiory ot ariti-stoi u#5 scattering predictis 'The
,r f r~ coite. li ke iahemth of radiation emanatinq trom thv

, -A.r: t IOn r ~qi c-i 1 .where phase natchJ.nq i s %at isf i od). For P I-I lne

is ;: i r-n, Lhe o CnE'i ha I f -Anci I F-- bet a s o i vemn by:

.. ... ... .. . .. . . . . .

rn vsZ

rhs?~hv rel ation *ulald% beta 16 l. Z' m r 4d (..9Z deqrees). Hvi ti-sz

Ltbrt howe-lv the obsearvedl futndiamntal modo iii which the puima iin.* 1-1.

t1 ,Iw~i-9ift~dliries were otoser'ad in I'A ainoulariv dintributed l
Proium o~ nracs 1:orrespondtncj Lo A * tbir N. .2i. of 0:.1 .i * Lue Ou*'.

Iti'tribUtiofl of k viectorg in the mode. it itA riecesary to iinteoot ,ti?

'ajcor all ph&%& moatchinq ccinditionin that cart trxist in the fiber. "i -So.

i :,el f 4ocuffiniq is occurri r.1 int. he 4 tber- 'Lhi s its comris'tvill .

ril-Atability we observe in thtv ftitr L731 , thiqs will brioadon kh.
fItA..rvvd divotribu~tion L l..Jss ii complate arilvits of this p~hen-im-ituo' 1 4

ri-ord the Picapf of thi" p.Avt'r.

G2 If, the l"Iirente Ci piump dovoletiot the stotres radiation i-ioi
1 -- tmr ~r, t ber with thro 1 A#.Iqna3 rivi~e o+ the pumo pulse will qovtiv

LAJ go .!: In(. b1i vu- theC 'VAMP DpuS V Iq iAbout il cm I ano In a as, thev
!5 brtiiero tli -;taof*% lif? Amd thri Pum~p I int b@Oins eariv Ini tfhl'

4100 -, I ~ t I ff -,( nI~ ~c I o ot' d ,t i- vi 0 c: 1rd t o ha&ve 1: a II , e ri -

ZO $~~jIh f 1. 1S. tti4I I U f + I VI I f-.h. Wi th oi-ift4o doptttn, *.h iu-

I .. v ;* Ii fl I* ,j (v11 vArl Irsr jiow- )Otis Of ther P(Iffi
tth-~ II h -r '( iLtiI#si h,4%~ m14 lav) e O L tr rind Y

,cz,~~~~~ lifirt;E ittJ t e tAOIIM l Aill '.boi rv fit-Oo r tion-aI ltv

111I 41 kv 1. j1 * Is .,t*-St I n' aei t ?ul p l aeiri thse firt l,



V< t-~Arloi A u 1 PU ISH I ear- I I(. (In I her fic't:' net; i t 1W t'- Olipor .I
lIII 4u dotijm 1 i m t liti ptimp lili 1w I tf i -I' to '*'II -.i; id LW 'coiop *~ v ollo t-/ J: csor

4t I I I . fI,. I ~I-,p l' I1 1 thf C cm' lto pn imm rrin S i f01 Lf'tz, SR pu I e tut; 1 het j~ I iit
i I vv r I b er- a f 1 1- w I I I -: mrjI / (_-A: e J cnq+*r t W w,. 1 h L r , ) u I* LhI-io w j d +r o

'iiM r de , 1: i:eq. i i i d.t . e -m 1- r-i rmd 1 c.) r VjjjA .I .rt~ I c o~r, vor s ars:, .h
I tt~-~ i'&p' AtI~~ O) i' ~ ~jf i : th- 9'' Q L f j f e ~th iiic t~ h f:, 1. 11. cC*- r

ii ~ t f 1)m1r siw, .:g:Ae l . A *.b uL~ I. . 'd wAI I-' it + tenIth%~b fr-aff) Ij-f
iH~mI)I If "0i 1,, 01' lit,-Iii A I' .r Ict5 1,h , 1 ji ltolition L t lis' tif-I'

'.),1 1' iwi m'r, I mcmncut u i h t iovm ot-di r acatrer LtaQ k %- inOr

**i~ J~ m' r-,, t~c c. r',.c '.fg r c. U a f.rcjro n i t, tr

* . ~a':r ' 1 r T, I:. , I [ or I 't 3'r'pv tv ve Ut' t k l-e I. or -1 o
-~ ~ ~ t~~V~ . - 1 ., tt r 'Alf- V~Z'~l~ ~ L(h1' t fIr' S t Or C1~' f ~t OUI

-m-V t, of v i' il I.i I t n w..~',':: tio ''*n Ik h he suc-cyna
-i~r P..!, & it~m t;~ ,I I.. I.~i I I r)i ci r :iIl clIt 7 tI Id If::J e~ S e C cOnP 1c f-, .

V C-1 h'sc.~hc~~,te pumfip- iJkn I r ter .tc t. i- estroysi thi_- spec trzid
r 'mi~it.r- 1  .~~t''j I '4' i- i. t Sjt- !- i iiti pcJ -c- :-PH cr ral.es wavele~natt,

L CiC~t) i1 .,% '<< I P~ I' C i) P r' I P C) t I- fp Or 'I at C.,& a+f tie pul Se

L r ~ ~ ori Ii' I2: ''1P 1 cjt ]'I2i.'<' fl v Imc V.A ,,C I' (I tc Lr)' 4 3P at- k t to@ 1p Iw d I fu
!pii *~ m'* t..'ii o AtimIf . 1 . v, m:i ''.I oij j Cii U 1r1-m iae i d i e. Chi rp'; Cii

Sj. -v-o *~i'm- .*I i)*r.j~t~j,nc:k I ., obse1r Yod on thim rttmp
0 . -?P ifm -,.in I i L, k r De l I t, c. ) i ui ) whetea t.le 1. I_', m cron kt-*r..:r

te ': j imi 54. ti I o1 -uin t.i~ mcr ron c6 t-'t- Lherinore. th e mtm

#j n .Xir If I ~ A l.1' : 1., i -i 1 V I I IC?,It' LCDErtJ ILdIrfCL? i'1-1 + J - r L e(Lt C V i n he v I4zt i1 i
!:t E- VI 1 0: cwfmjil 11-; L 6. 13 11 v. oI cC - Coni t d or s. cn %ll isdjqQ as th~Af. Lhe :)I- j~

-I I .-II I d 1., .11 1 l ir f.1 wok Ih Lh t ~pUi~ ip pct I o i t I c'b6 I. twlel .,P- t I meu I- 11 tI.
4 ". t.~ , , c. pum !.)#. Iic Cz4(i spr ead~ ciiu t . I hi C? q I L I. t tt I'.. * w

-~ ~ ~ ~ ( ).~ tJ oj*A ti4~ Vmm jm A.wAy thc , I-airipj uiortioin ot i: J9 puinol pool ~
I W'r i~' fi kr' 1 1.( 111 I m' t 0 i 1. e S .1 Of 14 w '."v irn Lh c Offfpoan L,1t S. Ft utur e 4
I'! r I If. t ttle L nI ,eOLIVIIIAe~l Of this ii i i nr-A i. on . I h i s o+ -f ect I s~ seno

f~o .:-I*Ir'.-1 pump Pu.51 tn t t a u r I.? z t t tWie catdc ai u 1ptima cauc) ( 1 1 -:
tL*19I1 m (j!yt,.,t -ied an~i :Ppposi Lte sfprine m:'1- spe'c Lrcal t ,ketw whe~n ttw)"

*t'r~i .:~ ' mon~ iA htr.h ( f (. Lir I*_b . * h I ine tii riot fvvqv#2*nmc.,

m - r F r- fm t he piimp ,tmvti': op I t 4 w,,I ko~ )401 c aIr t v I % -. I aw,-r
ri:r i~esmimq L ts interactJ aior wt h tho -:ent kl' parm' IAon of thie puvmo

rill 1 5el The tn- to e I 111. - Lr *''{1I. 'A L et f.1 , 011Ldp .tt I 1 i ,v Vol I 'I I 1 1
th-41 Hitht: 0+ thO PUMP O I Le's woo.t L u in d Lo 0 i.I tte tL0h)P I ijk %Ji:I-

i cit Lhom pump.

ml t f. t I c o )i stI i I c. t _tR I'I', u I v : li etvQ hi cq- ob T r % ed .

W) ui = Ir t. I f ,I- wt-I. If 1rit r-yf tilt wc1ILrmJs ib n n j
IL a* ofm i u ltitm I natotis t i-a zm tiret ou, *Vnmcot-

1  j

.tio~i b, im~itr ctvilmPfs- ? ,il I ."I co .1 Th) @,,, 'l-mO t oitV il~ ).eI Adfli .~ tw-~j~

- i'~i' '~ u.iomVnfmlt ,L- Ih-it 111 nIp' -m!- ttIvm pilavm% cwrlatr,tp nt
Ir 4 1 m -1 r -f pjrj! 'It I lm i flntj PLI I f? 1.,~ 1 '5f~ S.V'j qaInf bv. "46 11 1 I'O U l .

~t~* Smi ~2 I'. i' .mit 'l- on v, I o i I r it mrmr1 m U 'l ~ I s.' t,.'v.d
ft'- 0 f~ t ' jI'_?!,. 0 1.I I~ I'~ IA t i~i~~ IlI f~u t 11, V# f MI 1 i

J.t', iI w~r ih i I . -. ~ it t I 1 e, sc t,ii 1 V ilti li* (4'H.



t 11'ted throucilh lon~w :~Ii.~ c? pi.tI -c di1 sv rod vel ocx tI-
't tL *-r Lin c '. this vwi doile For- the ca,; a+ ootisnaI coupi iroa 'A
I 01 I' p , tr f- 'd ir -% L -2 t , I t ray t6 ri c~i r ettcod r~r 4.ve t r 1 c~. N v hiro D-J.:

1,: 1 13 1 -1r 1v: rio t UI Io1-162 r, .4r 3t 0-(2so nut .L2 u tfnd L he oump out I , I B
'Ijul ci di t i. bUt. I CA)l i i L-hric tcez ,.*ed b , ai I at-qc, Central rso'iI I

I. now IJ i-Womef~in t.. ,

It t~. ~ torit fir Ct~II I i v .tc1.f ic,w I srdae I. tcor nixriu '. u~as VWa -. ir ; £

!~lir~,It. f3 t z ')! ~ia~t L . oj(.1t? tber Ih r;,Itvw il sic to Dean YVisst J ,j 1

t -r ~It C 'iE4ffol rjs d ,id [tcl-f-I D f .tiid i n t. -,gve c,-per ments. I h J o
~b,. 1- le~ t'- b i', ti. r, Or-rZE L)+ +t ':-e ci '- Ic erit I f i r- PL-sear-ch ((er .4r,'

1 ~ j 34,. to o I~i Ifi L I cb I FO ~~cn ciL t: i on t br -Ant # 640'4495).
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Stimulated Raman Scattering in

Single Mode Optical Fibers

Neil Gitkind, Alfred P. DeFonzo

Dept. of Elect. and Comp. Engineering, University of Massachusetts

142 Marston Hall, Amherst, MA 01003

(413)545-2374.

The results of a systematic study of the propagation of high, average and

peak power, circularly polarized, mode locked Nd:YAG lasei pulses in 400 m and

50 m fibers is presented. The first direct observation of a stimulated Raman

scattering pulse at 1082 nm, its frequency cnirp and respective walkoff is

presented.
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Nell Gitkind, Alfred P. DeFonzo
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(413)5245-2374.

Recent interest in optlcal pu!3.-mpre-s:.i, particularly at 1.06 om hao

resulted in several experimental' and theoretical 2 studies of the interaction

of Stimulated Raman Scattering (SRS) and Self-Phase Modulation (SPM) in

polarization preserving fiber. Similar work 3 has been reported for shorter

wavelengths. In this paper we shall discuss the interaction of SRS with the

self-phase modulated pump pulse using non-polarization preserving fiber at

throughput powers of 1 to 4.5 watts continuous. We observed for the first

time, the generation of an SRS pulse at 1.082 Um which can be excited either

alone or in tandem with the previously reported 1.12 um SRS pulse. These

0 0

pulses can exhibit exceptionally large spectral broadenings of 70 A and 2400 A

respectively and may present an opportunity to generate extremely short pulses

at these two wavelengths.

Our measurements are made with an 85 psec, 1.06 uT pulse from an actively

mode-locked Nd:YAG laser focused onto a single mode fiber (Corning 1521, 8.7 um

core diameter). The incident pulse is circularly polarized, and only this

polarization component of the exiting pulse is analyzed and studied in these

experiments. Both a 50 meter and a 400 meter fiber were investigated.

We present three cases. Figure 1 shows the exiting pulse and

corresponding spectrum for the 50 m fiber. No Raman pulse was detected,

however the slight assymetry of the SPM spectrum Is indicative of nominal Raman
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conversion. For the 400 m fiber, we find that there exists substantial

interaction length to promote higher Raman conversions. Figure 2 shows the

1.12 Wm Raman and Nd:YAG pulses as they exit the 400 m fiber. The Raman pulse

leads by approximately 420 psec because of its differing group velocity. The

assymetry in the Nd:YAG spectrum is indicative of strong Raman conversion.

Figure 3 shows the propagation of the Raman line at 1.082 pm. This pulse leads

by 185 psec and has also caused a drastic assymetry in the Nd:YAG spectrum

(figure 3B at left). Also seen was an anti-stokes line centered at 1.046 jIm.

However conversion to this wavelength was never large enough to produce an

observable pulse. Thus we have seen a new Raman component, in isolation, and

observed its effect on the pump.

Early interpretations of the pump depletion process', - state that the

Raman pulse grows as it walks through the pump pulse and attains a maximum when

it reaches the leading edge of the pump. Furthermore, because the pump pulse

is chirped, the leading red components will be preferentially eaten away. The

1.082 jim pulse; however, presents a seemingly anomalous situation. The Nd:YAG

spectrum in this case (Fig. 3B on left) shows the blue, or lagging end to be

preferentially depleted. This suggests that due to its lesser walk off

velocity, the Raman pulse is saturated before completing its walk through the

pump pulse.

A variety of parameters such as throughput power, fiber winding, bending

and length strongly affected the fiber output. These effects will be discussed

in detail.
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Fig. 1. Spectral and time domain traces of 1.06 Pm pulse after propagation

through 50 m of single mode fiber. (A) Output pulse measured with a

fast photodiode and sampling oscilloscope (47 psec system risetime).

100 psec per division. (B) Spectrum of output pulse. Origin of

horizontal scale is the wavelength of incident 1.06 pm pulse.

Fig. 2. Walkoff of 1.12 pm Raman pulse and corresponding spectra after

propagation through 400 m of single mode fiber. (A) Exiting Raman

pulse at left, Nd:YAG pulse at right. 100 psec per division. (B)

Exiting Nd:YAG spectrum (C) 1.12 Wm Raman pulse spectrum. Origin of

scale is 1.12 um.

Fig. 3. Walkoff of 1.082 urm Raman pulse and corresponding spectra after

propagation through 400 m of single mode fiber. (A) Raman pulse at

left, Nd:YAG pulse at right. 100 psec per division. (B) spectra of

Nd:YAG pulse at left and 1.082 um pulse at right. Scale origin is the

wavelength of incident 1.06 urm pulse.
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Optical Bistability In Single Mode Fibers

ALfred P. De Fonzo and Neil Gitkind

Department of Electrical and Computer Engineering

University of Massachusetts, Amherst MA 01003

413-545-2374

ABSTRACT: We discovered and investigated optical bistability in

single mode telecommunication fibers excited by circularly

polarized 90 picosecond pulses at 1.06 microns.
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We report the first observation of optical bistability in

the transmitted power of a single mode optical fiber. The

bistabilty occurs when the fiber is pumped with intense

modelocked pump pulses at 1.06 microns . The switching of the

output occurs near the threshold for Stimulated Raman Scattering

and is accompanied by a discontinuous jump in the exiting SRS

out and in the magnitude of the pump pulse frequency chirp. Slow

scanning of the pump power in the vicinity of the bistability

results in large area hysteresis loops. Systematic investigations

indicate the presence of a mechanism that produces discontinuous

changes in the optical intensity and index of refraction

reminiscent of transient self focusing.

The experimental set up, similar to one used in the study of

SRS [1], is schematically depicted in Figure 1. Linearly

polarized pulses at 1.06 microns are converted to circularly

polarized light and coupled into a standard telecommunications

fiber (OWEN CORNING 1521). At low powers the circularly polarized

light exiting the fiber is converted into linearly polarized

light and passed through a Glan Thompson prism with an escape

window to allow monitoring of optically induced changes in the

state of polarization. The total transmitted pulse power is

monitored by both a slow germanium diode and further resolved in

time with a high speed InGaAs photodetector (risetime = 35
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picoseconds). The output pulses are then spectrally resolved with

a grating spectrometer (ISA HR-8) and recorded with a photodiode

array. The remaining output beam is also further spectrally

resolved with a diffraction grating pair in Littrow cunfiguration

and the power at 1.06 microns monitored with a slow silicon

diode.

The output power of the pump pulse is plotted as a function

of the total output intensity in Figure 2. The dotted line

indicates the general form of earlier experiments performed on

-polarization preserving fiber[2 ] . At an input power of

approximately 2.0 watts the output power of the pump suddenly

decrease. The dashed lines show the results of slow scanning the

critical region. A large hysteresis loop is observed. Further

investigating the effect, we found a corresponding sudden

increase in the SRS output and the Magnitude of the chirp about

1.06 microns as shown in Figure 3.

The general results are summarized in terms of a model [3]

of the optically induced index change in the fiber. The

accumulated index change can be determined from a rate analysis

and for a gaussian pump pulse has the form:
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An( - 1T  An,) I E( -n)I 2)exp [- -T ]d-n

- CO

Where tv,(()IA) is the driving term and E is the optical

field for a gaussian pulse. When the total index change

=4.37xlO-4 the cr:ssectional area of the pump pulse suddenly

decreases, resulting in a further abrupt change in index, that in

turn results in increased SRS , chirp production and optical

feedback . The critical index change corresponds to the critical

power for self focusing in bulk SiO2. We are presently

investigating these surprising

effects.
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FIGURE CAPTIONS

Figure 1. Schematic of Experimental Set Up.

Figure 2. Pump power out versus total (pump + raman) power out

for 300 meter single mode fiber. Solid and dashed lines our data.

Dotted line shows from of data reported for polarization

preserving fiber [2].

Figure 3. Chirp of the pump pulse and the Raman power output as a

function of the total input pump power in a 300 meter long single

mode fiber.
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